ABSTRACT Gaseous emission in laying hen facilities affects animal production performance and the environment. Emission is ruled by gas concentration and ventilation rate (VR), which are the key parameters to estimate precise emission factors. In this work, VR were assessed in a mechanical ventilated laying hen facility under Mediterranean climate conditions. The study was performed during a complete production cycle from July 2015 to October 2016. Direct hot wire anemometer (HWA) and fan rotational speed methods, and indirect CO 2 mass balance method were used to assess the VR. Mean VR was 5.3 ± 2.9 m 3 h −1 hen −1 for the HWA method. The mean uncertainty of VR based on the HWA method was 8.5%, and it varied among ventilation stages from 2.3 to 12.8%. Uncertainty was higher in warm season (9.6%) than in cold season (5.4%). In relation to fan rotational speed method, mean VR was 5.9 ± 3.3 m 3 h −1 hen −1 , which accounts for 8.3% more than the HWA method. According to the results, the fan rotational speed method would be less sensitive than the HWA method for assessing VR. VR was 6.3 ± 2.1 m 3 h −1 hen −1 for the CO 2 balance method, which estimated lower VR values in warm season compared to the laser tachometer (LT) method (-5%) but higher values compared to the HWA method (+5%). In contrast, it estimated higher values in cold season compared to the HWA method (+23%) and LT method (+17%). Correlation analysis showed a strong correlation between the CO 2 balance method and both direct methods (R = 0.85 and 0.86 for HWA and LT, respectively).
INTRODUCTION
Intensive livestock facilities are associated with large volumes of animal excreta, which produce ammonia (NH 3 ) and greenhouse gas (GHG) emissions. Laying hen facilities lead to 88 ktonnes of NH 3 per year and 2.8 kg CO 2-equiv. kg −1 egg in the European Union (Santonja et al., 2017) . The revised Gothenburg Protocol and Paris Agreement have set more restrictive national limits of NH 3 and GHG emissions, respectively, at the national level for the year 2020 and thereafter (United Nations, 2015; European Union, 2016) . According to future scenarios, egg production is expected to increase globally by more than 50% in the next 2 decades (Rabobank, 2017) . Improving the knowledge on NH 3 and GHG emissions associated with this sector is crucial to design reliable mitigation strategies, and therefore contributing to fulfilling the national emission limits under this growth scenario.
Gaseous losses from forced ventilation laying hen facilities are calculated using (i) the ventilation rate (VR) and (ii) the gas concentration at the building. The accuracy of VR estimation is as relevant as having good gas concentration monitoring in order to produce robust emission data (Chai et al., 2012) . However, the study of VR has been described as more challenging and less certain than measuring gas concentration (Li et al., 2005) . Factors such as the seasonal VR variation, fan management at the farm level (dust, wear, etc.) , and the fluctuations of the differential pressure and fan duty cycle make it difficult to ascertain VR (Hoff et al., 2009) . Manufacturers and laboratories supply certified fan test airflow rates; nevertheless, fan performance can be reduced by 24 to 60% under field conditions due to fan imbalances, motor degradation, dust build-up on fan blades and shutters, or belt wear and slippage (Janni et al., 2005; Casey et al., 2008; Chai et al., 2012) .
Direct and indirect methods can be used to assess VR from laying hen buildings (Li et al., 2005; Xin et al., 2009 ). The direct methods are based on the measurement of the fan duty cycle and the extraction capacity of the fans in field conditions as a function of the building differential static pressure. Hoff et al. (2009) grouped them into 3 methods depending on how fans are measured: fan indication methods, fan rotational methods, and airspeed measurement methods. Among the variety of direct methods, fan extraction capacity has been commonly assessed using air velocity sensors such as hot wire anemometers (HWA) (Calvet et al., 2010; Alberdi et al., 2016) , fan propeller anemometers (Xin et al., 2009; Chai et al., 2012) , or measuring fans (Demmers et al., 1999) .
Laser tachometers (LT) are instruments measuring the rotational speed without direct contact with the fans. According to the first fan law, the fan rotational speed (FRS) is directly related to the fan extraction capacity (Karassik et al., 1976) . This property has been used for determining the single-speed fan activation status, for assessing the speed of variablespeed fans (Hoff et al., 2009 ) and for identifying the underperformance of operating fans (Czarick and Fairchild, 2004) . However, LT have not been validated yet as a VR-measuring method in comparison to existing direct methods.
Alternatively, indirect methodologies have also been described for estimating VR in mechanically ventilated buildings. Indirect methods are especially appropriate when dealing with naturally ventilated facilities or buildings with many fans and scarce accessibility (Xin et al., 2009) . Indirect techniques such as the tracer gas technique (Edouard et al., 2016) , moisture mass balance (Samer et al., 2012) , and heat balance (Blanes and Pedersen, 2005) have been widely described in the literature. Nonetheless, carbon dioxide (CO 2 ) mass balance is the most common indirect method used for VR assessment (Li et al., 2005; Estellés et al., 2011; Liu et al., 2016) . This methodology considers CO 2 produced by either hens' respiration or manure decomposition as a natural tracer gas.
Both direct and indirect methods have potential measurement errors (uncertainty), which must be necessarily quantified and minimized in order to have accurate VR values. Uncertainty is defined as a parameter associated with the result of a measurement that characterizes the dispersion of the values that could reasonably be attributed to the measurement (Ellison and Williams, 2012) . In mechanically ventilated buildings, the dispersion of the values associated with VR is likely to be the most relevant uncertainty source on emission calculation (Calvet et al., 2013) . Previous studies have attributed 15 to 40% of uncertainty to CO 2 balance (Blanes and Pedersen, 2005; Perdersen et al., 2008) , 10% to the HWA method (Calvet et al., 2010) , less than 5% to measuring fans (Demmers et al., 1999) , and 3% to fan propeller anemometers (Gates et al., 2004) .
The aims of this study were (i) to calculate the VR and the associated uncertainty by applying the HWA direct method in a commercial laying hen facility under continental Mediterranean climate, (ii) to assess the feasibility of LT measurements for estimating VR, and (iii) to test the accuracy of the CO 2 mass balance method.
MATERIALS AND METHODS

Housing and Animals
The study was performed from July 2015 to October 2016 in a commercial laying hen farm located in Egino (the Basque Country, North of Spain), which had 3 buildings that housed approximately 120,000 LohmannBrown hens. The study was performed in one of the buildings (length 84 m, width 13 m, and height 6.3 m), in which 39,000 hens were reared in cages organized in 4 rows of 8 tiers (Figure 1 ). The building was equipped outdoors with a manure drying tunnel (MDT). Manure deposited on the belts was moved daily one-sixth of the total belt length. In total, manure was kept for 6 d in the system (building + MDT) before the storage.
Ventilation System
The facility was equipped with a mechanical ventilation system (Figure 1 ). Fifteen propeller single-speed exhaust fans (Model EM50 1.5 HP, diameter 1.28 m, Munters Euroemme S.p.A., Italy) were installed on the north sidewall of the building. Fans were belt-driven and equipped with exhaust shutters. Construction details and airflow rate capacity were verified by Bess Lab (test #13610) at Agricultural Engineering Deparment. University of Illinois, USA (Bess Lab, 2013) . Fans were grouped into 9 ventilation stages. There was an overpressure room between exhaust fans and the MDT for the well functioning of the MDT. Ten out of fifteen fans exhausted air into the overpressure room. The only air inlet vents were also located on the north sidewall ( Figure 1 ). An automated system (Tecno Poultry Equipment Macronew 3, Italy) controlled the opening of the baffled inlet vents and the fan duty cycle according to indoor temperature. The system had 3 opening stages (closed, partially open, and fully open). A cooling system was activated during the hottest days in summer (>30
• C). Fans were cleaned fortnightly by the farm operators.
Environmental Measurements
Air temperature and relative humidity were continuously monitored by using 7 transmitters (HOBO U12, 2EXT DataLogger, USA, accuracy ± 0.35
• C and ± 2.5%, respectively). Two transmitters were placed indoors close to the fans, whereas a third one was installed outdoors to monitor the atmospheric conditions. Data registered from the third transmitter were checked with the dataset collected by the nearest meteorological station of the Basque Service of Meteorology. The 4 remaining transmitters were distributed within the building in order to study the air stream performance. Two digital pressure transducers (Veris, PX, USA, accuracy ±0.5 Pa) were also installed on the north sidewall of the building. The first one recorded the differential pressure between the outside and the inside of the building, whereas the second one recorded the differential pressure between the overpressure room of the MDT and the inside of the building. Differential pressure was registered every second. Fan duty cycle was recorded with an electronic data logger (Binary Devices S.L., DataLogger 244, Spain) according to the methodology described by Alberdi et al. (2016) . Fan status (on/off) was also recorded every second. All sensors used in the study were calibrated before the start of the experimental trial. Data were used to create hourly and daily mean data.
Direct Measurement of Ventilation Rate
Ventilation rate is the sum of the airflow exhausted by each individual fan at varying differential pressures and fan duty cycles (Eq. 1). In the current study, VR was calculated on an hourly basis as follows:
where VR = the ventilation rate of the building at time t (m 3 s −1 ), Q ft = the airflow exhausted by fan f at time t (m 3 s −1 ), Ω f = the duty cycle expressed as % of the time t during which fan f was active.
The airflow exhausted by each fan (Q ft ) was calculated following different methods. Based on the fan performance data test #13610 for the fan model installed at the building (Bess Lab, 2013), airflow exhausted by each fan follows a third-degree polynomial function, which depends on the differential pressure (Eq. 2):
where Q ftBESS = the airflow exhausted by fan f at time t based on Bess Lab performance function (m 3 h −1 ), P S = the differential pressure at time t (Pa).
The Bess Lab test standard conditions were defined as 25.8
• C and 99.2 kPa. The same dry air standard condition values were used to standardize our study measurements. As previously mentioned, the airflow rates of the fans may be affected by several factors (wear, dust, imbalances, etc.), which makes the field calibration of the fans necessary. Two direct calibration methods were used to assess Q ft in the current study: HWA and LT methods.
HWA Method
The methodology proposed by ASHRAE (2017) was used for the HWA calibration method. Fan calibration events were carried out throughout the period of study without altering the ventilation conditions of the building. The whole range of ventilation stages was covered. A calibrated HWA (Testo 425, Germany, accuracy ±0.03 m s −1 ) was used to measure the air speed of each fan. In accordance with ASHRAE (2017), an equal-area method was followed to measure air velocity. A square cross-section duct (1.3 m length) was divided into 5 × 5 equidistant measuring points. The duct was attached upstream to the fan. Although the duct width should have been at least the length of the fan diameter (1.28 m), building design did not allow carrying it out and air was ducted 30 cm. During the calibration, air velocity was continuously measured for 1 min. Averaged value with more than 5% of deviation was repeated.
Fan performances were measured from 0 to 55 Pa, in which 9 ventilation stages were represented. Moreover, 5 fans were randomly selected at the beginning of the trial to check the fan degradation. Fans were checked at 0, 6, 12, and 16 mo. These tests were carried out at 15, 30, and 45 Pa of differential pressure. The airflow exhausted by each fan following HWA methodology (Q ftHWA ) was obtained by multiplying the mean value of air velocity at each differential pressure and the square cross-section of the duct (Eq. 3):
where Q ftHWA = the airflow exhausted by fan f at time t calculated with the HWA method (m 3 s −1 ), V f = the mean value of air velocity at 25 locations of fan f (m s −1 ), S = square cross-section of the duct (m 2 ).
A third-degree polynomial curve was obtained for each fan as a function of Q ftHWA and P s . Then, the recorded differential pressure allowed us to calculate building VR in Eq. 1 for HWA methodology by replacing Q ft in Eq. 1 with Q ftHWA of Eq. 3 and taking into account the duty cycle of each fan. Integrated hourly basis data were used to calculate daily and monthly basis VR. Days with less than 18 h of registration were deleted from the data.
LT Method
Fan calibration was conducted by using a handheld non-contact laser tachometer (Digital Tachometer DT-6236C, Handsun, China, accuracy ±1 rpm). This method allows assessing the FRS without disturbing its operability. The measuring events were carried out before and after the experimental period, when the facility was empty. Fan rotational speed was measured for each fan from 0 to 55 Pa of differential pressure, in which 9 ventilation stages were represented. Based on the certified Bess Lab fan performance function (Eq. 2), the airflow exhausted by each fan (Q ftLT ) was calculated according to the first fan law (Eq. 4). The relationships between certified airflow exhausted value at each differential pressure and at certified rotational speed allowed us to develop a new third-degree polynomial curve for each fan as a function of Q ftLT and P s :
where Q ftLT = the airflow exhausted by fan f at time t and at differential pressure p calculated with the LT method (m 3 s −1 ), N 1 = the nominal fan speed N 1 according to Bess Lab certified test (rpm), N 2 = the fan speed measured with the LT (rpm).
Then, the differential pressure allowed us to calculate building VR in Eq. 1 for LT methodology by replacing Q ft in Eq. 1 with Q ftLT of Eq. 3 and taking into account the duty cycle of each fan. Hourly, daily, and monthly basis VR determinations were also performed.
Indirect Measurement of Building Ventilation Rate
CO 2 Balance Ventilation rate is related to CO 2 balance at animal buildings as shown in Eq. 5 (CIGR, 2002) :
where VR CO2 = the ventilation rate of the building at time t based on the CO 2 balance method (m 3 s −1 ), PRCO 2 = the CO 2 production rate of hens (mL CO 2 s −1 ), Ψ = the animal activity, [CO 2 ] e = the CO 2 concentration of the exhaust air (ppm), [CO 2 ] i = the CO 2 concentration of the inlet air (ppm).
The CO 2 mass balance method is governed by the principle of indirect animal calorimetry (Brouwer, 1965 ). Eq. 6 shows the relationship between the parameters involved in estimating CO 2 production rate: 
where THP = the total heat production rate by laying hens (W hen −1 ), RQ = the respiratory quotient of laying hens, CO 2manure = the CO 2 production rate of manure on the belts (mL CO 2 s −1 ).
Respiratory quotient was assumed as 0.92 (Chepete and Xin, 2004) . It was assumed that manure contribution accounted for 1% to overall CO 2 accumulation (Hayes et al., 2013) . Thermoneutral (20
• C) THP value for laying hens in a cage system was reported by CIGR (2002) as shown in Eq. 7: THP = 6.28m 0.75 + 25γ 2
where m = the hen body mass (kg), γ 2 = the egg production (kg day −1 ).
Egg production and hen population were registered daily at the farm. Egg production varied from 57.4 to 68.1 g d −1 and hen population varied from 38,963 to 36,559 hens from week 1 to 59 of the study period. Animal body mass was allocated according to Lohmann-Brown guide (Tierzucht, 2016) . It was assumed that the weight varied from 1.6 to 2.2 kg from week 1 to 59 of the study period. The sinusoidal camel model was considered for diurnal variation in laying hen activity (Wachenfelt et al., 2001 ). The CO 2 concentrations were continuously measured from July 2015 to August 2016 using an INNOVA 1412 Photoacoustic gas analyzer (detection limit = 1.5 ppm CO 2 ) coupled with an INNOVA 1309 multisampler (LumaSense, Denmark). Photoacoustic gas analyzer was calibrated before the experimental period. Data quality was checked throughout the experimental period. A standard gas containing a certified concentration of 5,000 ppm CO 2 was used to verify the response of the analyzer over a set of automatically diluted reference concentrations. Five sample points were established at the farm, 2 in the air inlet and 3 in the exhaust fans. Data were integrated every 2 h in order to guarantee an accurate CO 2 balance method (Li et al. 2005) . Bi-hourly data were used to calculate daily and monthly basis VR.
Statistical Analysis
IBM SPSS Statistics 25.0 package software and XLSTAT software were used in the statistical analysis. Ventilation rate data from HWA, LT, and CO 2 balance methods were standardized according to hen's population. Data were also separated by seasons: warm season (from May to October) and cold season (from November to April). Correlation analyses between the methods were performed using Pearson's correlation test. Differences were statistically significant at P < 0.05. Moreover, Passing-Bablok regression analysis was conducted to probe the equivalence between methods.
The uncertainty of VR was estimated using RiskAMP Monte Carlo Simulation Engine for Microsoft Excel. Ventilation rates used in the calculation were taken from HWA methodology. Variables included are shown in Table 1 . It was assumed that there was no correlation between the variables according to the propagation uncertainty theory (JCGM, 2008) . The uncertainty sources were related to the inaccuracy, determining either P s or the airflow rate estimates (Q ftHWA ). The contribution of the measurement errors derived from each instrument was calculated by using a truncated firstorder Taylor series approximation to VR (Taylor and Kuyatt, 1994) . The uncertainty of the VR is expressed in Eq. 8:
where ΔVR = the uncertainty of the ventilation rate (m 3 s −1 ), ΔQ ftHWA = the uncertainty of fan f airflow rate at time t based on the HWA method (m 3 s −1 ). As mentioned, Q ftHWA was estimated by calibrating all the fans at different P s at the building. The uncertainty of fan f airflow rate at time t was estimated from the third-degree polynomial functions used to describe airflow rate for each fan as a function of building P s . It was assumed that a 95% confidence interval and thirddegree functions were approximated to linear functions. Accordingly, the uncertainty can be expressed as a function of ΔP s and ΔQ ftHWA95% (Hoff et al. 2009 The variables described in Table 1 were fitted in Eq. 9 according to their probability density functions. The uncertainty of each ventilation stage was calculated as a sum of individual uncertainty of each fan according to methodology described in Hoff et al. (2009) .
RESULTS AND DISCUSSION
Environmental Conditions
Atmospheric conditions during the experimental period represented well the continental Mediterranean climate conditions. Daily mean atmospheric temperature was 13.4
• C throughout the monitoring period and ranged from 1.7
• C in winter to 28.7
• C in summer conditions (Figure 2 ). Rainfall accumulated was 869 mm during the 16 mo of the trial (Basque service of 
Meteorology (Euskalmet), 2016). Daily mean temperature was 20.2
• C inside the facility and ranged from 15.3 to 26.6
• C (Figure 2 ). Temperature sensors distributed inside the building allowed the identification of air circulation pathways (Figure 1) . The low temperatures recorded in winter (<17.0
• C) were related to an excess of ventilation used to dry the manure accumulated in the MDT. Nonetheless, the temperature was not beyond the threshold of minimum temperature stress for Lohmann-Brown hens (Lohmann Tierzucht, 2016) . Figure 3 shows the performance curves of the 15 fans calibrated by the HWA and LT methods. Both methodologies showed significant differences either among the fans or with respect to the theoretical curve of the fans. With regard to the theoretical airflow rates measured by Bess Lab, fan airflows dropped from 6 to 35% in the HWA method and from 2 to 30% in the LT method (Figure 3) .
Fan Calibrations
Compared to previous studies in poultry buildings, the differences between the calibrations and those tested by the manufacturer were greater than those found by Calvet et al. (2010) , who reported differences between 8 and 14%. However, a similar reduction (up to 24%) was reported by Casey et al. (2008) , who attributed it to the dust accumulation and the run time of the fans. The good maintenance of belt tension and the replacement of the worn belt or damaged shutters have also been considered key factors to avoid airflow reduction (Czarick and Lacy, 1995; Donald and Campbell, 2004; Janni et al. 2005; Casey et al. 2008) .
Regarding the HWA method, the mean airflow rate ± SD of the 15 fans decreased from 36,334 ± 3,526 m 3 h −1 at 0 Pa to 25,615 ± 3,273 m 3 h −1 at 50 Pa. The airflow rate of fans at 0 Pa ranged from 40,832 m 3 h −1 (highest) to 28,639 m 3 h −1 (lowest). The decrease of the airflow rate in relation to the building differential pressure was not constant among the fans (Figure 3 ). This trend suggested that some factors were disrupting the airflow rate. Factors related to the fan mechanism (e.g., motors, bearings, blades, pulleys, rusted or dirty elements, voltage drops, ageing, etc.) that affect directly the correct functioning of the fan or the factors related to ventilation system (e.g., shutters, extra resistance due to position of fans and air inlets, etc.) that affect the airflow but not the functioning of the fan could be affecting the performance curve of each fan in a different way.
Regarding the LT method, estimated airflow mean values ± SD of the 15 fans varied from 36,414 ± 3,527 m 3 h −1 at 0 Pa to 29,257 ± 2,876 m 3 h −1 at 50 Pa. According to Eq. 4, performance curves were directly proportional to the FRS supplied by Bess Lab test (Figure 3) . The airflow rate of fans at 0 Pa ranged from 41,580 (highest) to 28,744 m 3 h −1 (lowest). Performance curve airflow values were on average 9.9% higher for the LT method than for the HWA method. The differences were greater (14.3%) when all 15 fans were running than when only 2 (ventilation stage 1) were running (9.1%). This difference would suggest that the LT method captured fan mechanism factors (malfunction of bearing and motors, fan blades, fan belts, pulleys, rusted elements, or voltage drops) that would reduce the fan extraction capacity. However, the LT method was less sensitive with the ventilation system factors such as shutters or extra resistance downstream. The HWA method would be affected either by fan mechanism factors or by ventilation system factors. Thus, the HWA method would reflect an overpressure downstream due to the annexed MDT and fan shutters (Figure 1 ). Concerning the differences in airflow rates over time, differences below 1% were found after the 4 HWA measuring events in 5 fans (degradation rate: 0.75% per year). Building differential pressure was similar between the events. These differences were not considered enough to conclude the existence of fan degradation in fan performances during the experimental period. The uncertainty of the measuring method was greater than the differences found. Similarly, our results showed that FRS difference was 0.5 to 1% before and after the sampling period. Bottcher et al. (1996) had previously reported that FRS may decrease up to 10% after 5 yr of functioning (2% per year) for a 25-to 30-yr-old fan model. Our degradation factor would be lower than reported by Bottcher et al. (1996) since our fans are newer (average: 10 yr old). More time would be necessary to observe a degradation trend, and hence, ageing factor was considered negligible for VR calculation during the study.
Air Velocity Analysis
Air velocity measured by HWA showed a heterogeneous distribution across 25 points of the calibration duct. Table 2 shows the mean air velocities at 0, 12, 25, 37, and 50 Pa of building differential pressure and the variability between the central point and borders. A decrease of 28 to 30% in air velocity was observed between the central sampling point and the edges, and it remained constant with the increasing building differential pressure.
The mean air speed for each fan was expected to decrease with increased building differential pressure, following the Bess Lab performance curve. Fans that blew air to the exterior followed the curve. However, a different effect was observed in the fans that blew air into the MDT. In these last ones, while mean speed decreased on average 19.1% between 0 and 37 Pa, it increased 5% from 37 to 50 Pa. In our conditions, building differential pressure around 37 Pa was reached at stage 9 of the ventilation, in which all the fans were running. These results suggested that the overpressure zone created in the MDT room installed outdoors caused a greater reduction in the air velocity when all fans were running. In this sense, Ni et al. (2017) detected air backflow in a pig farm when fans worked under high differential pressures or at low voltages. Although backflows were not measured in our facility, similar effect observed by Ni et al. (2017) was detected at ventilation stage 8 (40 Pa) when 2 fans were off and backflows were perceived. 
Ventilation Rates Calculation
Mean VR ± SD was 5.3 ± 2.9 m 3 h −1 hen −1 for the HWA method, which ranged from 1.1 to 11.6 m 3 h −1 hen −1 . As expected, VR were higher during the warm season due to the higher atmospheric temperatures. Monthly mean VR ranged from a minimum 2. Regarding the LT method, mean VR ranged from 1.1 to 13.1 m 3 h −1 hen −1 (mean ± SD value, 5.9 ± 3.3 m 3 h −1 hen −1 ). Minimum monthly mean VR was 2.5 m 3 h −1 hen −1 in March 2016, whereas maximum VR was 9.6 m 3 h −1 hen −1 in August 2015. Ventilations rates estimated by both methods followed a similar trend throughout the year despite slight differences being observed between warm (10.2%) and cold seasons (6.5%). As explained above, the LT method was less sensitive at 30 Pa when overpressure in the MDT room was greater. As this differential pressure was recorded during the warm season, the differences between both methods were emphasized under these conditions.
Ventilation rates recorded in this facility showed differences in relation to previously reported data for laying hen farms. Chai et al. (2012) −1 hen −1 in a manure belt house located in the north of Italy, monitoring VR by measuring the rotational speed and correlating these values with anemometric measurements. These differences and similarities evidenced the dominant role of atmospheric temperature in VR. Building and ventilation system design could also explain these differences since the position of inlets and fans determines the inside air circulation and the VR requirements (Bustamante, 2015) . However, no information was found for our ventilation system in laying hen houses to compare with. The mean uncertainty of the study period was 8.5% of VR on hourly basis calculated according to the HWA method. This uncertainty is specific for our ventilation system and building design. Calvet et al. (2010) reported a 10% of uncertainty for the same calibration method and different ventilation system design with fan activity sampling as the main source of uncertainty. As fan duty cycle was recorded every second in our study, it was not considered as an uncertainty source. Therefore, the coefficients of the transformed fan performance linear functions and the air velocity equal-area measuring method were identified as the main sources of uncertainty. The uncertainty value ranged among the 9 ventilation stages from 2.3 to 12.8%, but a pattern was not found between increasing stages and the uncertainty (Table 3) . When the uncertainty was calculated by seasons, higher values were found in warm season (9.6%) than in cold season (5.4%).
This was explained by the higher uncertainty of those stages (3, 4, and 9) that were mainly active during warm conditions, as shown in Table 3 . This was an inherently building-and fan-specific uncertainty that could change in other facilities. The use of manufacturer curves to estimate VR has some errors due to the lack of calibration in farm conditions and an associated uncertainty of 20% (Casey et al., 2008) . Concerning the VR uncertainty arising from the LT method, it can be assumed that the uncertainty value would be under the uncertainty of using the manufacturer curve value because a field calibration was carried out. However, a reliable value could not be reported as the LT method curves were based on manufacturer curves and air speed was not directly measured.In any case, the LT method uncertainty would be greater than the HWA method uncertainty as the HWA method measured directly airflow rates and reflected more precisely the VR.
Estimated Ventilation Rate by CO 2 Balance
Outdoor CO 2 concentration was on average 515 ± 108 ppm. It was significantly higher than the atmospheric mean CO 2 concentration (403 ppm) reported by World Meteorological Organization (2017). This fact was attributed to the recirculation of the exhaust air and the air from the surrounding buildings. The CO 2 concentration of the exhaust air was on average 1,140 ± 284 ppm. These results showed that CO 2 concentration difference between indoors and outdoors was higher than 200 ppm, which is the threshold for the correct application of the CO 2 balance method (Van Ouwerkerk and Pedersen, 1994) . Similar mean values, 1,102 ppm, were also reported by Alberdi et al. (2016) . Higher values of 2,214 and 1,518 ppm were reported by Zhao et al. (2015) and Dekker et al. (2011) , respectively. Differences were probably due to the farm management and different amount of VR, which is a key factor in the CO 2 accumulation inside the buildings. The difference between inlet and outlet air CO 2 concentrations ranged from 220 ppm in warm season to 1,781 ppm in cold season. This seasonal pattern was related to the inverse relationship between CO 2 concentration and VR (Figure 5) . This pattern was also observed by Xin et al. Mean VR ± SD using CO 2 balance was 6.3 ± 2.1 m 3 h −1 hen −1 . It ranged from 2.8 to 10.7 m 3 h −1 hen −1 . Compared to the HWA and LT methods, correlation analysis showed that there was a strong correlation between the CO 2 balance method and the HWA method (R = 0.86) and the CO 2 balance method and the LT method (R = 0.85). However, methods were not equivalent between them according to Passing-Bablok regression analysis. Analysis of VR of HWA and LT methods vs. CO 2 balance are plotted in Figure 6 . It reflected that the residual error after comparing the HWA method vs. CO 2 balance was 1.19 (confidence interval at 95%: [1.17-1.21]), and the LT method vs. CO 2 balance was 1.31 (confidence interval at 95%: [1.29-1.33]). As the unit value is not among both confidence intervals, it was concluded that there were systematic differences between methods. In general terms, CO 2 balance VR on daily basis was less sensitive in the warmest (>25
• C) and the coldest (<17
• C) conditions compared to direct methods. It estimated lower VR values in warm season compared to the LT method (-5%) but higher values to the HWA method (+1%). In contrast, it estimated higher values in cold season compared to the HWA method (+23%) and the LT method (+17%) as shown in Figure 4 . Li et al. (2005) pointed out that the differences between the direct method and CO 2 balance presumably resulted from the changes in environmental conditions, and hence the activity level of the hens, which would have led to the deviation of THP values. The use of upgraded THP values would be the principal source of deviation regarding the direct methods.
SUMMARY RESULTS
The main results of this research carried out in a manure belt laying hen facility under Mediterranean climate conditions are as follows:
The mean VR estimated by the HWA method was 5.3 ± 2.9 m 3 h −1 hen −1 . This value was in agreement with the previously reported data for mechanically ventilated laying hen facilities with the same manure belt management system in spite of the ventilation system design.
The uncertainty of VR was, on average, 8.5% of the VR value. It varied among the 9 ventilation stages from 2.3 to 12.8%, although a pattern was not found between increasing stages and the uncertainty. However, the uncertainty was higher in warm season (9.6%) than in cold season (5.4%). This was explained by the higher uncertainty of those stages that were mainly active during warm conditions. The mean VR estimated by the LT method was 5.9 ± 3.3 m 3 h −1 hen −1 . This method was less sensitive to ventilation system factors affecting the VR with respect to the HWA method. This lack of sensitiveness was responsible for the higher VR values in warm season (10.2%) than in cold season (6.5%).
The mean VR estimated by the CO 2 balance method was 6.3 ± 2.1 m 3 h −1 hen −1 . Correlation analysis showed a strong correlation between the CO 2 balance method and both direct methods (R = 0.85 and 0.86 for HWA and LT, respectively). However, the residual error of the comparison reflected a systematic bias between methods. to Avícola Arbaraitz S.L., which facilitated the productive data and access to the farm. We are also thankful to Mr. Oier Alberdi for his contribution in this research work. We are also grateful to the University of the Basque Country for the computer facilities.
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